and hepatocytes (Trowbridge et al. 1984 ) by increasing receptor affinity for insulin. Fasting obese mice increased receptor number (SOU et al. 1975) .
For many years we have been interested in metabolic adaptations of rats fed on various diets or fasted and .refed. When methods became available for studying insulin binding, we compared adipocytes and liver plasma membranes from fat-fed rats with those from rats fed on diets with 6770 of energy in the form of glucose. For both tissues, there was a marked decrease in binding when the rats had been fed on a 670 g lard/kg diet for 5 d (Ip et al. 1976; Sun et al. 1977) . Since then there have been additional reports of decreased insulin binding in fat-fed humans (Beck-Nielsen et al. 1978 ) and rats Grundleger & Thenen, I 982), although in some experimental conditions such binding effects have not been found even though fat-feeding decreased insulin response (Lavau et al. 1979; Salans et al. 1981) . As shown in Fig. I , the type of dietary fat can also influence insulin binding. When rats were fed on diets with 27% of energy as glucose and 46"' as fat, insulin binding to their adipocytes was significantly less when the fat was hydrogenated coconut oil than when maize oil was given (C. Ip, H. M. Tepperman and J. Tepperman, unpublished results) .
In some cases, changes in insulin binding are those expected as a result of down or up regulation, a high level of ambient insulin resulting in decreased insulin binding and a decreased level of insulin in increased binding . In obesity, for example, decreased binding is associated with hyperinsulinaemia (Rabinowitz, 1970; Freychet et al. 1972 ) whereas the increased binding of fasted rat tissues is accompanied by decreased levels of plasma insulin (Trowbridge et al. 
1984)
. Down regulation cannot, however, explain the decreased insulin binding of fat-fed rats in our experiments since insulin levels were not increased.
Relation of insulin binding and effect
The relation of insulin receptor adaptations to altered insulin response is complex. Several recent reviews have included discussions of this question (Olefsky, 1976a; Crettaz & Jeanrenaud, 1980; Kahn, 1980; Flier, 1983; Pi-Sunyer, 1983 ). In some states of insulin resistance, decreased insulin binding accompanies the diminished response; for example, in obesity. In our studies of fatdiet effects too, there was a correlation between changes in binding and response of adipocytes to insulin. Insulin-stimulated glucose oxidation was markedly reduced in fat-fed rats compared with those given glucose, in parallel with decreased insulin binding. Reversing the diets for an additional 5 d reversed both effects (Ip et al. 1976) . Similarly, the decreased binding of adipocytes from rats fed on hydrogenated coconut oil compared with those from corn-oil-fed rats was associated with a decrease in insulin-stimulated glucose oxidation (C. Ip, H. M. Tepperman and J. Tepperman, unpublished results) .
Recently, we have been interested in insulin stimulation of the production by plasma membranes of a low-molecular-weight substance which activates glycogen synthase (EC 2.4. I . I I), phosphoprotein phosphatase (EC 3.1.3. I 6) and mitochondrial pyruvate dehydrogenase (PDH, EC 1.2.4.1) (Jarett & Seals, 1979; Lamer et al. 1979) . We found (Fig. 2) that fat-feeding decreases this insulin stimulation, whether plasma membranes are prepared from rat adipocytes or from liver (Begum et al. 1982 (Begum et al. , 1983 .
Although the changes in insulin binding and insulin response are in the same direction in obesity and fat feeding, there is considerable evidence that the binding defect is not the only factor involved in insulin resistance in these conditions. As has been emphasized by Kahn (1978) , Olefsky (1981) and others, there are several possible patterns of insulin resistance. It is well-known that a maximum response to insulin is achieved when only a small fraction of the insulin receptors on the surface of target cells is occupied by the hormone (Kono & Barham, 1971) . If a moderate decrease in binding is nutritionally induced, the full response to insulin should still be observed when sufficient insulin is provided to occupy the necessary number of receptors. There would then be a shift to the right in the dose-response curve, a decrease in sensitivity, in the terminology proposed by Kahn (1978) . Fig.  3 , from Olefsky's (1981) Lilly Lecture compares the insulin concentration response curves for two of the hormone's effects on adipocytes from lean and obese animals. Fig. 3(a) shows insulin stimulation of hexose transport as measured by 2-deoxyglucose uptake. The same maximum response is seen in adipocytes from both groups, but more insulin is required to produce it in adipocytes from the obese animals. This is the response to be expected from a reduction in insulin binding.
A different situation, shown in Fig. 3(b) , exists when insulin stimulation of glucose oxidation is measured. The maximum effect of insulin is decreased in the cells from obese animals, a decrease in responsiveness, in Kahn's (1978) terminology. In the case of glucose oxidation, the decrease in insulin binding is not enough to explain the resistance. Post-receptor defects must be responsible. Others have also found evidence for post-binding defects in obesity (Czech et al. 1977; Crettaz & Jeanrenaud, 1980) . In our own studies of fat-fed rats there was also evidence for post-binding alterations. No amount of insulin could stimulate glucose oxidation in adipocytes from lard-fed rats as much as it did in rats given the glucose diet (Ip et al. 1976) . The decrease in insulin responsiveness suggested post-receptor adaptations to the diet.
The situation is even more complex in some human subjects and rats after a period of starvation. Increased insulin binding to various target cells has been found by several investigators to be accompanied by insulin resistance rather than an increased response. For example, DeFronzo et al. (1978) found that obese human subjects showed increased insulin binding to monocytes after fasting, but a decreased glucose tolerance and insulin response in vivo. In fasted rats, increased binding to liver cells is accompanied by a decreased effect of insulin on the activity of glycogen synthase and on the production by plasma membranes of the PDH stimulator (Trowbridge et al. 1984) . Adipocytes from fasted rats showed marked inhibition of insulin-stimulated glucose transport and oxidation in spite of increased binding capacity (Olefsky, 19763; Kasuga et al. 1977 ). Clearly, post-binding effects are responsible for insulin resistance of starvation. Dissociation of insulin binding from response has been shown also in experiments in which the antilipolytic action of insulin seems to be unaffected although resistance to other insulin actions is found, for example, in obesity (Amer et al.
1981; Howard et al. 1984).
Post-receptor plasma membrane adaptations Glucose transport. Post-binding adaptations could include plasma membrane alterations as well as changes in intracellular processes. In several insulin-resistant states, reported post-receptor modifications of plasma membrane structure and function could contribute to an altered response. One example is the reduced basal glucose transport activity we found in adipocytes from lard-fed rats compared with those from the glucose-fed group (Ip et al. 1977) . Insulin-stimulated glucose transport was also diminished. The decreased insulin effect could be due in part to the lower basal level of activity. As Cushman and his collaborators have shown (Hissin et al. 1982) , however, the decrease in glucose transporters available for recruitment is largely responsible for the resistance.
Phosphol@ids. Another type of membrane alteration has been described in fasted rats. It has recently been shown (Trowbridge et al. 1984 ) that 48 h starved rats had a decreased phospholipid: protein value in their liver plasma membranes. Fig. 4 . shows this result along with other membrane lipid modifications. The membranes also exhibited increased microviscosity. In our studies of fat feeding, there were also changes in liver plasma membrane cholesterol content and phospholipid pattern (Sun et al. 1979) . It is possible that these lipid changes could infiuence insulin response as well as contribute to binding changes. Glycoproteins. One more type of plasma membrane modification found in several types of insulin resistance is an alteration in carbohydrate components. Chang et al. (1975) described reduced lectin binding to liver plasma membranes of obese hyperglycaemic mice. Both wheat-germ agglutinin, which binds N-acetylglucosamine, and concanavalin A, which combines with mannose, bound less well to membranes from obese mice than to control preparations, suggesting that a generalized change in membrane glycoproteins was associated with insulin resistance in these animals. In studies of adaptation to fat feeding, we also found a decrease in concanavalin A binding to liver plasma membranes (Henriquez et al. 1979) . Furthermore, Carter and his associates (Chandramouli et al. 1977 ) have reported evidence for generalized changes in cell-surface carbohydrates in streptozotocin-diabetic rats. Insulin resistance has been observed in such rats by several investigators (Kasuga et al. 1978; Samson et al. 1982; Hansen et al. 1983 ). Amatruda & Chang (1983) recently reported that the insulin resistance of starvation and that of streptozotocin-diabetes included a decreased insulin generation of the PDH stimulation by liver plasma membranes; refeeding or insulin treatment (respectively) partially reversed this inhibition.
In an attempt to explain the changes in membrane carbohydrate of fat-fed rats, we measured the activities of several enzymes involved in glycoprotein synthesis. Our colleague, John Lucas (Lucas et al. 1980) found in adipocytes of lard-fed rats no decrease but an increase in activity of enzymes involved in the early steps of glycoprotein synthesis. However, we found decreases in the activities of several liver glycosyltransferases which participate in later stages of protein glycosylation. Fig. 5 shows the decreased activities of these enzymes in the livers of fat-fed rats and in those from rats with streptozotocin-diabetes (Tepperman et al. 1981 It seems possible that these enzyme changes contributed to the plasma membrane carbohydrate alterations in these animal models. (1981, 1983) .
Although it is known that both subunits of the insulin receptor are glycoproteins (for review, see Jacobs & Cuatrecasas, 1981) , it seems that generalized alterations in plasma membrane carbohydrates cannot explain the insulin-binding alterations. Binding is increased in diabetic rat liver membranes (Cech et al. 1980 ; Samson e l al. 1982) but decreased in fat feeding (Sun et al. 1977 ) although in both cases membrane carbohydrate is decreased. (There could possibly be more specific changes in receptor carbohydrate metabolism not yet detected in these animal models to account for these observations.) However, it does seem likely that membrane carbohydrate alterations could contribute to post-receptor modifications of some actions of insulin. Cuatrecasas & Illiano (1971) showed that treatment of rat fat cells with neuraminidase (EC 3.2.1.18) to remove sialic acid residues decreased the insulin effect on glucose oxidation at concentrations which did not alter hormone binding. That suggested that at least some carbohydrate residues are more important for insulin action than for its attachment to its receptor. Recently, we found evidence that membrane carbohydrate may be important in insulin generation of the PDH stimulator (Begum et al. 1983 ). As shown in Fig. 6 , treatment of supernatant fractions from insulin-treated liver membranes with either neuraminidase or P-galactosidase (EC 3.2. I 2 3 ) decreased the mediator activity.
Post-membrane adaptations
Thus, nutritionally induced changes in plasma membrane insulin binding, in glucose transport capacity, in lipid composition and in glycoproteins could contribute to certain types of insulin resistance. Adaptations inside cells undoubtedly play a role as well, as several investigators have pointed out (see reviews mentioned previously). In our first study of insulin binding (Ip et al. 
1976),
we found some evidence for a contribution of intracellular adaptations to the decreased insulin stimulation of glucose oxidation in adipocytes from fat-fed rats. When specific glucose transport was no longer limiting because very high concentrations of glucose were present in the medium, there was still a diminished capacity for oxidizing glucose when comparisons were made to the performance of cells from glucose-fed rats. Altered intracellular processes must have been involved to produce this result. Such adaptations have been reported, in fact, by many investigators who have studied nutritional effects on the activities of a variety of cytosolic enzymes in various insulin-resistant states (Leveille, 1970; Tepperman & Tepperman, 1970) .
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